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Lattice cell structures (LCS) are the engineered porous structures that are 
composed of periodic unit cells in three dimensions. Such structures have many 
scientific and engineering applications, such as in vessel gas technology, thermal 
systems, mechanical and aerospace structures, etc. for which lightweight, high strength, 
and energy absorption capabilities are essential properties. To have an optimized design, 
finite element analysis (FEA) based computational approach can be used for detailed 
analysis of such structures, sometime in full scale. However, developing a large-scale 
model for a lattice-based structure is computationally expensive. If an equivalent solid 
FE model can be developed using the equivalent solid mechanical properties of a lattice 
structure, the computational time will be greatly reduced. The main objective of this 
research is to develop a material model which is equivalent to the mechanical response 
of a lattice structure. In this study, the mechanical behavior of body centered cubic 
(BCC) configuration and its derivative such as a BCC placed inside boxed frame (here, 
termed as ‘InsideBCC’) under compression and within elastic limit is considered. The 
BCC and InsideBCC configurations are chosen because they provide the bounds of the 
mechanical properties of LCS involving BCC derivatives. First, the finite element 
analysis approach and theoretical calculations are used on a single unit cell of BCC and 
InsideBCC for several cases (different strut diameters and cell sizes) to predict 
equivalent solid properties.  The equivalent quasi-isotropic properties required to 
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describe the material behavior of both BCC and InsideBCC unit cells are 
equivalent Young’s modulus (𝐸𝑒), equivalent shear modulus (𝐺𝑒), and equivalent 
Poisson’s ratio (𝜈𝑒). The results are then used to develop two separate neural networks 
(NN) models so that the equivalent solid properties of a BCC or InsideBCC lattice of 
any geometrical parameters can be predicted. The input data of NN are bulk material 
properties and geometrical parameters and output data are equivalent solid mechanical 
properties. For each unit cell configurations, two separate FEA models are then 
developed for compression loading: (a) one with 5 x 5 x 4 cell for BCC and the other 
with 6 x 6 x 4 cell for InsideBCC, and (b) one completely solid with equivalent solid 
properties obtained from NN. In addition, the BCC and InsideBCC LCS specimens are 
fabricated on a Fused Deposition Modeling uPrint SEplus 3D printer using Acrylonitrile 
Butadiene Styrene (ABS) and tested under compression. Experimental load-
displacement behavior and the results obtained from both the FE models are in good 
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Chapter 1. Introduction 
 
1.1 Problem Statement and Motivation 
Lattice cell structures (LCS) play an important role in many scientific and 
engineering applications, such as gas technology, thermal science, mechanical and 
aerospace structures, etc. that require lightweight, high strength, and energy absorption 
capability. Desired performance of such structures can be achieved by combining different 
lattice cell configurations. In addition, it is necessary for industry to reduce cost. 
Theoretical prediction of responses of LCS is very limited, especially for specific designs 
by combining various LCS patterns and experimental approaches are costly and restricted 
in scope. On the other hand, finite element analysis (FEA) techniques are much more 
flexible, but requires time for modeling and solution of the full-scale LCS to determine 
their mechanical responses. To have an optimized design using a full-scale FEA model, the 
numerical simulations employ a large number of degrees at every point of the lattice 
structures to get an accurate result, which is expensive with respect to the computational 
time. Consequently, in order to get more insight of the physics based problems such as the 
complex lattice structure under different loading conditions, it is necessary to simplify the 
model to reduce the computation time significantly. As such, the FEA models are typically 
developed by using solid materials where the equivalent mechanical properties of a single 
lattice cell are used.  
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The main objective of this study is to replace and represent the whole lattice 
structure model with an equivalent solid material model. In this case, the equivalent solid 
model does not have any struts thus has just a solid surface. To create equivalent solid 
material model for a wide range of d/L’s (d is strut diameter and L is unit cell length), it 
will be easier and quicker to conduct finite element simulation. Finite elements model has 
been sensitive to the type of mesh to provide accurate results. Thus, the optimal mesh is 
imperative to get converging results. Tetrahedron and hexahedron elements have been 
usually used for mesh generation of which tetrahedral element can be generated 
automatically in the finite element model. However, hexahedral element generation is not 
straightforward and requires a user intervention. Hexahedral elements have as shown 
higher accuracy in the results than the tetrahedral elements, hence a methodology was 
adopted to create hexahedral mesh elements. To analyze a unit cell, a representative volume 
element (RVE) is usually created, which is the unique unit cell that will generate equivalent 
mechanical responses. In other words, the mechanical properties that will be used to create 
the equivalent solid material model are identical to the mechanical response of a whole 
lattice structure. Furthermore, only a periodic boundary provides the correct equivalent 
properties of a unit cell since it is used with a RVE.  
To obtain the equivalent mechanical properties for any strut and cell sizes, and 
materials used, a large number of FEA simulations have to be conducted to generate the 
equivalent mechanical responses. To avoid the simulation of a large number of FEA 





Each set will encompass a limited number of unit cells chosen based on a 
predetermined combination of strut diameter and cell size. By using the results from the 
limited number of FEA data, artificial neural networks (ANN) can be used to develop an 
input-output algorithm where the input would be cell and strut characteristics and the 
mechanical properties of raw material and the output would be the equivalent solid 
mechanical properties. The combined use of FEA and ANN will result in a significant 
reduction in computation time and cost. Because fabricating many lattice cell structures 
with different parameters, such as strut sizes, cell dimensions, and type of raw materials, 
is time consuming and expensive.  
Finally, the mechanical characteristics of the lattice structures considered in this 
study are measured experimentally and are compared with the numerical predictions. Both 
the BCC and InsideBCC samples are fabricated on an extrusion-based fused deposition 
modeling (FDM) printer using Acrylonitrile butadiene styrene (ABS) polymer. The FDM 
technology is a 3D printing method that creates parts layer-by-layer from a computer 
generated computer-aided design (CAD) model. The 3D printing method is currently being 
explored to print complex geometric parts such as LCSs. Furthermore, Acrylonitrile 
butadiene styrene (ABS) has been used exceedingly as a filament in 3D printers based on 
FDM model. Many researches have demonstrated that the lattice structures made out of 




1.2 Literature Review 
1.2.1 Introduction 
 Lattice cell structures (LCS) are one kind of engineered structure having periodic cell 
made of struts at different orientations. Due to the recent advent of additive manufacturing 
(AM) technology, applications of LCS are currently being explored in several industries 
including gas storage technology, filtering, thermal science, medical application, 
crashworthiness, automobile, and aerospace [1] [2] [3] [4] [5] [6] [7] [8]. AM can be used 
to fabricate application specific LCS with greater complexity as the AM is a flexible 
manufacturing technique that involves layer-by-layer processing. To obtain an optimized 
LCS design for any particular application, finite element analysis tools are usually used to 
model and numerically analyze many lattice configurations. Additionally, the optimized 
design may require further investigation using FE modeling approach at full scale. To have 
precision results, the FE involves a massive number of degrees of freedom to resolve for 
each strut in structures, which increases the computational time extremely [9].   
A combination of different unit cell patterns can provide user specific unique 
properties such as  high stiffness, high specific strength, and excellent energy absorption 
capabilities [10] [11] [12] [13]. In many engineering applications such as gas vessel 
technology and biomedical problems, the consideration of the combining of different unit 
cell patterns is necessary to evaluate specific properties and to mimic the design of diverse 
properties trade-off  [1] [11]  [14] [15].  Many researchers have shown that combining 
different unit cells such as lattice structures inside a tube, BCC with vertical struts at each 
node, BCC with vertical struts in alternate layers, and BCC with gradient distributed 




absorption performance as well as the high specific strength and stiffness [13] [16] [17] 
[18]. Finite element modeling of large cellular structures (CSs) is not possible since the 
number of elements, nodes, as well as the degrees of freedom become extremely large [19] 
[20] resulting in an increase in computational time [19]. It may be mentioned here that the 
large porous LCSs require extremely fine mesh FEA model since the convergence study is 
most often estimated by comparing FEA solutions at two or more types of meshes with 
increasing mesh resolution [19] [20] [21].  
To obtain the equivalent mechanical properties for a wide range of strut and cell 
sizes, and materials used, artificial neural networks (ANN) can be used to develop an input-
output algorithm where the input would be cell and strut characteristics and the mechanical 
properties of raw material and the output would be equivalent solid mechanical properties. 
NN is being used as a computational approach that learns to simulate and solve the 
engineering problems [22]. ANN predicts a desired property based on previous learning 
cycles or training.  The artificial neural networks were applied to engineering problems 
including structure optimization problems, material analysis problems, thermophysical 
properties of manufactured materials, prediction of crack geometry, the behavior of 
fracture toughness, and prediction of the deformation of a linear elastic beam [9] [23] [24] 
[25] [26] [27] [28]. Neurons or nodes are the basic processing elements of neural networks. 
In the mathematical model of the neuron, the connection weights in matrix form represent 
the effects of the synapses that modulate the effect of the connected input signals and the 
nonlinear property showed by neurons is represented by a transfer function. One of the 
most important steps to build the structure of neural networks is selecting the best dataset 




three parts including training, validation, and testing datasets. The training dataset optimize 
the weights of interconnection between nodes so that the neural network will have 
capability to predict accurate results of output for a given set of inputs. To check the 
performance of the new data during the training, the data for validation is used. An 
important portion of developing neural network is the test set which is not used during 
training. So, the test set measures how well the network can recall what it has learnt.  
Also, the cellular material can be defined as the engineered porous structures that are 
composed of periodic unit cells in three dimensions. The mechanical properties of lattice 
cell structures (LCSs) also depend on the microstructural parameters including strut 
diameter (wall thickness), the size of the unit cell (pore size), and the aspect ratio (relative 
density). The relative density have range of numbers between 0 and 1. As mentioned 
before, LCSs have many scientific and engineering applications, such as in thermal system 
engineering, design of the gas vessel technology, mechanical and aerospace structures, etc. 
for which lightweight, high strength, and energy absorption capabilities are essential 
properties. Also, combining different unit cell configurations, such as a frame structure and 
a BCC structure, will provide higher strength and higher stiffness LCS. Such a BCC lattice 
unit cell occupied inside a frame structure to build a so-called “InsideBCC”. It has been 
shown that the combining unit cells such as lattice structures inside tube, BCC with vertical 
struts at each node, BCC with vertical struts in alternate layers, and BCC with gradient 
distributed vertical struts, contribute the buckling and bending resistance and enhancement 





FEA technique is usually used for designing complex structures at system and 
subsystem levels to reduce cost and time. When modeling large scale structures with lattice 
cells, the numerical simulations require a large number of degrees of freedom to get 
accurate results, which requires more and massive computation time [19-20]. For instance, 
the BCC lattice structure with a strut diameter of 1 mm and the unit cell dimensions of 
5mm × 5mm × 5mm having the overall LCS dimensions of 25mm × 25mm ×20 mm under 
the compression was modeled using FEA [9] [16]. In this case, the time required to 
complete the solution was around forty eight hours for mass scaling of 1E-7 times the time 
increment. Also, the FEA modeling of a BCC unit cell with a strut diameter of 0.7 mm and 
the unit cell dimensions of  5mm × 5mm × 5mm in x, y, and z direction respectively under 
tension required the computational time of 10 hours [9] [15]. To model large scale 
structures involving LCS, an equivalent solid material can be used to replace and represent 
the whole lattice structure model to reduce computational time. The equivalent solid 
section will not have any struts. Displacement results from the equivalent solid model can 
be used as an input to different sub-models. Here, the sub-modeling approach can be 
utilized to find localized stress/strain within lattices in critical regions within large scale 
structures.  
This dissertation is organized as follows.  
• First, the load-displacement and stress-strain results is obtained from the FEA of a BCC 
and an InsideBCC unit cells under compression and shear in all three orthogonal directions. 
The stress-strain plots are then used to calculate the equivalent mechanical properties such 




case, the unit cell size is 5 mm x 5 mm x 5 mm with strut diameter of 1 mm and the bulk 
material is considered to be Acrylonitrile butadiene styrene (ABS).   
• Next, two separate finite element models are developed for samples under compression 
for each configuration: (1) For BCC, one with 5× 5× 4 cell BCC LCS and one completely 
solid with equivalent solid properties obtained from unit cell model. (2) For InsideBCC, 
one with 6× 6× 4 cell InsideBCC LCS and one completely solid with equivalent solid 
properties obtained from unit cell model.  
• Then, 5 x 5 x 4 cell BCC and 6 x 6 x 4 cell InsideBCC specimens are fabricated on a 
3D printer using ABS material and tested experimentally under quasi-static compression 
load. The results extracted from the finite element simulation of both the entire lattice and 
the equivalent solid models are compared with the experimental data to validate the FEA 
modeling scheme.  
• Once the FEA scheme is validated, the same modeling approach is used to obtain 
equivalent solid properties for BCC and InsideBCC LCSs with other unit cell dimensions 
and strut diameters.  
• Finally, ANN approach is used to find the relationships between the equivalent solid 










1.2.2 Body Centered Cubic (BCC) Unit Cell  
The lattice structure material can be known as an amalgamation of solid material 
and air voids. Which has known with light structure and massive mechanical properties. 
The lattice cell structure can be defined according to its microstructure which are stochastic 
and periodic [29]. The stochastic material is randomly distributed of cells in three 
dimensions. However, the periodic cell material consists or regular unit cells having the 
same shape and size. In this dissertation, the BCC lattice structure is considered as the first 
candidate for further investigation as a reference of new design of unit cell. The BCC unit 
cell LCSs can be analyzed with different cross-sections, strut diameters, pore sizes and 
added struts. In addition, BCC lattice structures can be fabricated by using additive 
manufacturing technology AMT with different materials such as Aluminum material 
(AlSi0Mg), Stainless Steel (316L), Titanium alloy (Ti6AL4V), Polyamide (nylon 12), 
Polylactic Acid (PLA) and Acrylonitrile Butadiene Styrene (ABS) [30] [31] [32] [33] [34] 
[35] [36] [37] [38] [39].  
1.2.3 BCC Unit Cell Involving Vertical & Horizontal Struts (InsideBCC) 
The mechanical properties not only depend on the raw material properties and 
microstructural parameters but also depend on the geometrical pattern (Lattice Topology). 
The most common ones are BCC, tetrahedral, pyramidal, 3D-Kagome, and octet-truss [40] 
[41] [42] [43] [44] [45]. In this research, BCC unit cell involving vertical and horizontal 
strut which is called ‘InsideBCC’ is investigated to obtain better mechanical 
characteristics. In addition, it is challenging to fabricate LCSs involving vertical and 
horizontal struts by FDM printer with ABS material or to develop equivalent solid material 




1.2.4 A. Koeppe Work at Institute of General Mechanics (IAM), 2018 
In A. Koeppe [9]’s research the computational time that required for each unit 
single cell is in the order of about 5 to 10 hours (wall clock time) to complete the simulation 
by using FE. Figure 1 shows the single unit cell of BCC geometry under the tensile test 




Figure 1. Tensile test of BCC lattice structure 
 
        





1.2.5 M. Al Rifaie Work at Wright State University (WSU), 2017 
A) Time Consideration 
In M. Al Rifaie [16]’s work the complete solution took 9 hours with 1e-4 time mass 
scale increment for lattice structures of BCC geometry under compression load with 
dimension of a single unit cell (5 × 5 × 5) mm and d= 1 mm as shown in Figure 2. However, 
a mass scale 1e-7 of time increment, took 48 hours to get more accurate results. Also, the 
time required to print a test specimen is about 7 hours. Furthermore, the required time to 
remove the support material from the BCC lattice structural specimen is about 4 hours. 
  
 






B) Combination of a Single Unit Cells and Mechanical Responses        
In M. Al Rifaie [16]’s work the maximum load for the lattice structure (BCCV) was 
about 3300N and it was the highest load among the 4 configurations of his study. Figure 
3 shows the BCC configuration by adding strands in vertical way only to improve the 











1.2.6  Bill Lozanovski at University of Melbourne (UM), 2019    
In Bill Lozanovski [19]’s work, the simulation time was 38 hours for high total 
number nodal degrees of freedom to provide highly accurate results of deformation as 
shown in Figure 4. FE modeling of large cellular structures (CSs) is not possible since the 
number of elements, nodes, as well as the degrees of freedom, has been extremely large. 
Furthermore, reducing computational cost and time can be challenging during simulation 
of a lattice structures mechanical responses. 
 
 






Chapter 2.  Methodology Strategy 
 
2.1 An Equivalent Solid Material of BCC Configuration  
The proposed idea of lattice structure design strategy is to replace and represent the 
BCC lattice structure with an equivalent elastic material model. The equivalent material 
model is a solid material model and does not contain any struts, which is equivalent to the 
mechanical response of a lattice structure. A methodology is developed to create 
correlation between a conventional BCC lattice structure and an equivalent solid model. It 
may be mentioned here that the BCC lattice unit cell, having the same dimension in all 
three directions with uniform strut diameter, have three orthogonal planes of material 
symmetry.  
The mechanical properties of the unit cell are same in all three orthogonal directions 
and hence can be considered as quasi-isotropic whose shear modulus is not a function of 
elastic modulus and Poisson’s ratio. The equivalent elastic mechanical properties 
considered here are elasticity (𝐸𝑒) and shear moduli (𝐺𝑒) and Poisson’s ratio (𝜈𝑒).  
       In reference [46], Ashby showed that the mechanical properties of lattice structures 
depend on three factors: its material, lattice shape of the cell (pattern), and aspect ratio. 
These factors influence the load–displacement of a lattice structure. Therefore, in this 




relative densities of several cases (different strut diameters and cell sizes), and Acrylonitrile 
Butadiene Styrene (ABS) as model material, provide the ability to determine a correlation 
between these configurations and their load-displacement of a lattice structure. The general 
methodology strategy is schematically illustrated in Figure 5 which the BCC unit cell is 
used as a basic model for predicting the mechanical responses of the larger lattice structure.  
The following is the solution process flow of this work:  
a. Firstly, sixteen models of BCC unit cell are simulated using FE models with a 
considerable number of elements to calculate the elastic modulus and Poisson’s ratio for 
different strut diameters and cell sizes.  
b. Secondly, sixteen models are simulated using FE models to predict the shear modulus. 
So, the total number will be thirty-two models. Figure 6 shows one case of various unit 
cell diameter for BCC configuration with cell size of 5 mm.  
c. Ten of the sixteen equivalent mechanical property and design parameter data sets are 
used to train a NN to predict the equivalent properties for any cell size and material with 
significantly less time than a full finite element. The six remaining data sets that are not 
included in the training data are used as testing of the NN predictions.  
d. A representative solid FE is developed with equivalent properties to compare its load-
displacement behavior with that from FE of BCC lattice structure.  
e. The BCC lattice used in step (d) is 3D printed and tested under compression to compare 
its load-displacement behavior with that obtained from both solid and lattice models 
























Figure 6. Various unit cell diameter for body centered cubic (BCC) configuration 
x=y=z=5mm [47] 
 
2.2 An Equivalent Solid Material of InsideBCC Configuration  
Combining different unit cell configurations, such as a frame structure and a BCC 
structure as shown in Figure 7, will provide higher strength and higher stiffness LCS. Such 
a combined LCS is termed as InsideBCC in this research. Additionally, the current study 
can be used to find the effect of vertical and horizontal struts on mechanical response of 
lattice cells within the elastic limit when compared with its BCC counterpart [16].  
 
 
Figure 7. Combining InsideBCC unit cell geometry  
 
The proposed ideas of this research are to investigate the mechanical response of 
heterogeneous lattice cell structures involving vertical and horizontal struts using 




an equivalent solid elastic material mode. This portion of the study will be similar to the 
prior discussion on the equivalent mechanical response of lattice geometry based on the 
body-centered cubic (BCC) unit cell. For that case, an elastic material model which is 
equivalent to the mechanical response of the BCC lattice cell structure was developed using 
FEA technique. Next, a surrogate model based on neural networks (NN) was developed to 
predict the equivalent mechanical response of BCC lattice cell structure for several cases 
(different strut diameters and cell size).  In other words, the results from FEA have been 
used to develop a neural network NN model so the equivalent properties of a BCC lattice 
of any geometry predicted by NN [47]. Similar steps were used for the InsideBCC (BCC 
with vertical and horizontal struts connecting all nodes of the lattice), illustrated in Figure 
8. The dimensions of the unit cells were 5mm for all orientation with 1mm diameter struts. 
The lattice structure was assembled with different cell dimensions in the x, y, and z 
directions. However, the lattice structure with dimensions of 30mm × 30mm × 20mm in x, 
y, and z-direction respectively has been considered in this paper for the purposes of 
conducting experimental work. A methodology was developed to obtain the correlation 
between the equivalent solid properties and the geometric and material parameters for an 
InsideBCC lattice structure. In this case, a representative volume element (RVE) was 
created, which is the unique unit cell that will generate equivalent mechanical responses. 
These mechanical properties will be used to create the equivalent solid model, which has 
identical mechanical response of a whole lattice structure. Furthermore, only a periodic 
boundary provides the correct equivalent properties of a unit cell since it is used with RVE 
method. FEA modeling approach was used on a unit cell to obtain the quasi-isotropic 




the elastic limit. Several FEA models of InsideBCC was considered having different 
geometrical parameters to obtain the equivalent quasi-isotropic properties. Due to the 
symmetric nature of the LCS, the InsideBCC configuration has a quasi – isotropic material 
behavior, which has three independent parameter constants which include Elastic modulus 
(𝐸𝑥 = 𝐸𝑦 = 𝐸𝑧 = 𝐸𝑒), Poisson’s ratio (𝜐𝑧𝑥 = 𝜐𝑧𝑦=𝜐𝑥𝑧 = 𝜐𝑦𝑧 =  𝜐𝑥𝑦 = 𝜐𝑦𝑥 =  𝜐𝑒), and 
Shear modulus (𝐺𝑥𝑦 = 𝐺𝑥𝑧 = 𝐺𝑦𝑧 =𝐺𝑒). Thus, the LCS properties to be extracted are: 
equivalent Young’s modulus (𝐸𝑒) , equivalent shear modulus (𝐺𝑒)  , and equivalent 
Poisson’s ratio (𝜈𝑒) .  
Ashby and Gibson classified the main principles affecting the lattice structure 
properties into three factors: its material, lattice pattern of the unit cell (shape), and aspect 
ratio [48] [46]. In this research, these elements influence the load-displacement of a cellular 
structure. The finite element analysis approach on InsideBCC lattice with Acrylonitrile 
Butadiene Styrene (ABS) as model material provides the ability to determine a correlation 
between these geometries and their load-displacement behavior. The general methodology 
strategy is schematically shown in Figure 8 in which the InsideBCC unit cell is used as a 
model for predicting the mechanical responses of the full-scale lattice structure.  
The following are the step-by-step process flow of this part of the work: 
a. First, twenty-four models are simulated using FEA to predict the elastic modulus (𝐸𝑒) 
for different strut diameters and cell sizes. 
 b. Calculated the Poisson’s ratio for different orientations (𝜈𝑒) obtained in part (a) models.  
c. Second, twenty-four models are simulated using FEA to predict the shear modulus. (𝐺𝑒). 




So, the total number will be forty-eight models. Figure 10 shows one case of various unit 
cell diameter for InsideBCC configuration with cell size of 5 mm.  
d. Eighteen of the twenty four equivalent mechanical property and design parameter data 
sets are used to train a NN to predict the equivalent properties for any cell size and material 
with significantly less time than a full finite element. The six remaining data sets that are 
not included in the training data are used as testing of the NN predictions.  
e. To validate their equivalent properties as well as the part (d) models, three samples of 6 
× 6 × 4 cell InsideBCC were fabricated on Fused Deposition Modeling uPrint SEplus 3D 
printer FDM using Acrylonitrile Butadiene Styrene (ABS), which were tested under quasi-
static compression test to compare their load-displacement behavior with that simulated 
from both solid material and cellular structure.  
The FEA models of BCC and InsideBCC simulation are illustrated in Figure 9, in 
which Figures 9a and 9b show FEA models for elastic modulus inclusive of Poisson’s 
ratio simulation for BCC and InsideBCC geometries, respectively, and Figure 9c and 
Figure 9d illustrate the models for shear modulus of BCC and InsideBCC configurations, 

























Figure 9. FEA models of BCC and InsideBCC configurations for equivalent properties 
simulations: a. Equivalent elastic modulus of BCC unit cell, b. Equivalent elastic 
modulus of InsideBCC unit cell, c. Equivalent shear modulus of BCC unit cell, and d. 









Chapter 3. Numerical Approaches 
 
3.1 The Finite Element Models  
In this section, the mechanical properties of the all single unit cells models that are 
selected in the current dissertation have been calculated by quasi-static axial compression 
test based on FE using ABAQUS/CAE 2017.  Furthermore, the boundary conditions, mesh 
generation, bulk material properties, loading conditions, physical parameters study and 
convergence analyses were discussed and investigated in detail in the current chapter.  
3.1.1 Material and Physical Parameters of BCC Configuration  
In this step, finite element modeling FEA technique is used to get the mechanical 
behavior of the lattice cell structure [49] [50] [51] [52] [53] [54] [55]. The commercial 
software ABAQUS/CAE 2017 [56] was used to model the compression and shear test of a 
BCC unit cell configuration as shown in Figure 11a for different strut diameters and cell 
sizes within the elastic limit to predict equivalent solid properties of the lattice structure. 
Figure 11b shows the full scale (5 x 4 x 4 cell) model that will be discussed in a later 
section. The BCC configuration has a quasi – isotropic material behavior, which has three 
independent parameters constants which include Elastic modulus (𝐸𝑥 = 𝐸𝑦 = 𝐸𝑧 = 𝐸𝑒), 
Poisson’s ratio (𝜐𝑧𝑥 = 𝜐𝑧𝑦=𝜐𝑥𝑧 = 𝜐𝑦𝑧 =  𝜐𝑥𝑦 = 𝜐𝑦𝑥 =  𝜐𝑒), and Shear modulus (𝐺𝑥𝑦 =




 In the scope of parametric study, the strut diameters are 1.0, 1.5, 2, and 2.5 mm, 
the dimensions of a single unit cell sizes are 2.5 × 2.5 × 2.5, 5 × 5× 5, 7.5 × 7.5 × 7.5, and 
10 × 10 × 10 mm, and aspect ratios (diameter truss/ unit cell length) are 0.1, 0.1333, 0.15, 
0.2, 0.25, 0.2666, 0.3, 0.3333, 0.4, 0.5, 0.6, 0.8, and 1. The design space domain of these 
parameters has covered the engineering application of this study.  
Typically, this will be perfect to select dataset of training the intelligent NN model 
in surrounding these parameters. Fidelity and stability of the neural network model depend 
on the selected data of training. Creating an accurate computational mesh and refining the 
model for a complex geometry are usually a massive part of the overall human effort and 
time required to simulate. Therefore, Heterogeneous of InsideBCC unit cell and lattice 
structures are designed and meshed using the intervention technique, which was developed 
in the micromechanics technique ABAQUS / CAE 6.17 software. Developing 
Micromechanics Technique (DMT) drastically simplifies the selection of element types 








Figure 11. Micromechanics technique design (a) BCC unit cell (b) BCC lattice 
structure 
 
3.1.2  Material and Physical Parameters of InsideBCC Configuration  
In the same manner, the FEA simulation using ABAQUS/CAE 2017 has the 
capability to model the lattice structures involving a complex geometrical feature such as 
an InsideBCC configuration [56]. It was used to model the compression and shear test of 
an InsideBCC unit cell configuration as shown in Figure 12a for different strut diameters 
and cell sizes within the elastic limit to predict equivalent solid responses of the lattice 
structure. Figure 12b shows the full scale (6 x 6 x 4 cell) model that will be discussed in a 
later section. The InsideBCC configuration has an orthotropic material behavior, which has 
three independent parameters constants which include elastic modulus (𝐸𝑒), Poisson’s 
ratio (𝜐𝑒) and shear modulus  (𝐺𝑒). Also, Acrylonitrile Butadiene Styrene (ABS) is 
considered as model material for both BCC and InsideBCC configurations. The scope of 
the parametric study of InsideBCC configuration is the same manner with BCC geometry. 




are 2.5 × 2.5 × 2.5, 5 × 5× 5, 7.5 × 7.5 × 7.5, and 10 × 10 × 10 mm, and aspect ratios 
(diameter truss/ unit cell length) are 0.1, 0.1333, 0.15, 0.2, 0.25, 0.2666, 0.3, 0.3333, 0.4, 
0.5, 0.6, 0.8, and 1. The design space domain of this parametric has covered the engineering 
application of this study. Typically, this will be perfect to select dataset of training the 
intelligent of the NN model in surrounding these parameters. Fidelity and stability of the 

















3.1.3 Design and Mesh Generation   
BCC unit cell of lattice structure is designed and meshed using the micromechanics 
software ABAQUS/CAE 6.17. The main reason to use micromechanics technique instead 
of SolidWorks® software is because it has more flexibility in selecting element types 
during mesh generation for a lattice structure. Most of the models are developed using 
hexahedral mesh generation because of the geometric complicacy imposed by branching 
and embedded structures. Although tetrahedral mesh generation can be easily automated, 
it gives inaccurate results as compared with hexahedral elements [57]. All unit cells and 
comprehensive configuration of cell connection of the lattice structure designed by using 
Micromechanics in ABAQUS/CAE 2017 is illustrated in Figure 11, and 12.  
The general procedure to create hexahedral mesh elements is schematically in 
following steps of this work. In which the InsideBCC unit cell and lattice structures are 
designed and meshed using the intervention technique. This technique was developed in 













The following is the steps of this work [58]: 














3. Generate the frame by mirror and then by using cell partition which is define as a cutting 










5. One of the important steps is to copy the BCC unit lattice cell to frame. In this step, it 





6. Using the linear pattern in order to generate the number of unit cells in all direction x, 














Using the Micromechanics technique in Abaqus, hexahedral element (element type 
C3D8R) was used to generate the mesh for all models. Since the accuracy of FEA results 
depend on element size for a particular element formulation, both mesh sensitivity analysis 
and type of element were studied. The mesh sensitivity analysis was performed by 
observing the stiffness K (N/mm) versus the total number of the element. Figure 13 shows 
the mesh sensitivity of one case BCC unit cell (5 × 5 × 5) mm with d = 1 mm, this curve 
illustrated the mesh convergence occurs when the mesh size decreases from 1.1 (coarse) to 
0.25 (fine) and the percentage variation of stiffness is within 2%. Following the same 
procedure, the mesh sensitivity analysis was performed for all cell sizes and BCC unit cell. 
Similarly, the mesh sensitivity analysis of InsideBCC unit cell was performed from Coarse 
to Fine mesh size as well. Table 1 summarizes the optimum number of elements and nodes 







Figure 13. Mesh Sensitivity of BCC unit cell (5 × 5 × 5) mm and d = 1 mm for mesh 
size from 1.1 (Coarse) to 0.25 (Fine) mm 
 
For InsideBCC geometry, two element types are usually used for mesh generation, 
which are tetrahedron and hexahedron. In the field of mesh generation, researchers use 
tetrahedral elements that can be easily created automatically in most finite element models 
[59] [60] [61]. Essentially, user intervention is required to create a hexahedral mesh 
element, which provides high performance and it gives accurate results as compared with 
the tetrahedral mesh elements [57] [62] [63]. Therefore, in this part of the work the mesh 
for all FEA simulation of InsideBCC, a hexahedral element type was used by DMT 
technique which in turn gives the capability to use a first-order hexahedron continuum solid 





Because meshing is very significant to provide accurate results, both mesh 
sensitivity analysis and type of mesh generation are considered in this case as well. To 
achieve FEA with high performance, in this work, mesh sensitivity analysis was performed 
on InsideBCC unit cell with dimensions (5 × 5 × 5) mm and 1 mm diameter strut. 
Accordingly, mesh sensitivity was performed by observing the stiffness 𝐾 (𝑁/𝑚𝑚) versus 
the total number of the elements which is illustrated in Figure 14. Also, this curve 
illustrates the mesh convergence when the mesh size decreases from 1.25 (coarse) to 0.19 
(fine) and the percentage variation of stiffness is within 2%. Based on this percentage, the 
acceptable mesh size chosen from the mesh convergence study was 0.35 mm, the total 
number of elements was 2400 elements and the amount of stiffness was 230.39 N/mm. A 
discretized model shows the acceptable mesh size employed for the InsideBCC model is 
illustrated in Figure 14. In this research, the same procedure was followed to perform the 















Figure 14. Mesh sensitivity study of InsideBCC unit cell (5×5×5) mm and d=1mm for 














Table 1. Testing the mesh sensitivity with respect to the cell size and strut radius for unit 












No. of Elements 
 
No. of Nodes 
BCC 
 Unit Cell 
BCC 
 Unit Cell 
1  
2.5 x 2.5 x 2.5 
              1200 1739 
1.5 720 1099 
2 384 677 
2.5 336 439 
1  
5 x 5 x 5 
3360 4619 
1.5 1920 2699 
2 1200 1739 
2.5 960 1419 
1  





2 6368              8360 
2.5 1680 2379 
1  
10 x 10 x 10 
7440 10059 
1.5 4800 6539 
2 3360 4619 












3.1.4  Applied Load and Boundary Conditions  
       In order to capture the behavior of the entire lattice structure based on the analysis of 
the BCC unit cell, it is important to select appropriate boundary conditions. For shear 
modulus simulation of BCC unit cell, the model is placed between two plates, thereby the 
upper and lower faces are clamped to those plates. Shear displacement is applied parallel 
to the upper face while the lower face or the base of the model is kept fixed. Loading and 
boundary conditions for the shear model is shown in Figure 15. For both elastic modulus 
and Poisson’s ratio, symmetric boundary conditions are used on the top and bottom 
surfaces (periodic boundary condition PBC). In other words, all the translational and 
rotational degrees of freedom on the upper and lower struts are free motion which is PBC. 
Furthermore, the boundary conditions are not applied on the fronts and sides of the cellular 
structure. In the same manner, an applied displacement on the upper faces moves towards 
the bottom of the model. Loading and boundary conditions for the compression model is 
shown in Figure 15 a, and b the upper faces of struts are restricted to move only in the 
direction of applying the load, whereas they are free to move or rotate in the other 
directions, where there is a friction between the plate and the strut faces. Whilst, three of 
the lower struts are totally free in all degrees of freedom.  
Most importantly, the faces of the forth lower strut are prone to fully multiple face 
constrained. In this respect, it is worthwhile to mention that the boundary conditions 
adopted in the current study have a significant effect on the results and they are called 








Figure 15. Boundary conditions of BCC unit cell for FE model (a) Boundary condition 










In the same manner, an applied periodic boundary condition PBC was applied for 
shear modulus simulation, elastic modulus, and Poisson’s ratio of InsideBCC unit cell. 
Figure 16 a, and b illustrated loading and boundary conditions for the compression model 

























Figure 16. (a) Boundary conditions of unit cell FE model for elastic modulus and 
Poisson’s ratio in all three directions x, y, and z (b) Boundary conditions of unit cell 






3.2 Neural Network for Equivalent Mechanical Properties Model  
In recent years, the MATLAB model is connected with FE commercial software in 
order to create a surrogate model to predict the engineering characteristics [64]. In this 
research the surrogate intelligence model was used to predict the equivalent mechanical 
properties of the lattice structure using the results from FE. Artificial neural networks 
(ANN) was used as a surrogate model for both the BCC and InsideBCC configurations.   
3.2.1 Neural Network Background  
ANN are the biological nervous simulations on the MATLAB program to perform 
specific problems. MATLAB software (R2017) is used to model the neural network 
prediction. This technique is used to investigate the equivalent mechanical properties of 
the lattice structures. The block diagram of the nervous system [65], is illustrated in Figure 
17.  Ten of the sixteen dataset is first used as training to develop the neural network (NN) 
model. To demonstrate the success of the neural NN in predicting accurate equivalent 
mechanical properties, some of the total data obtained from FE were used as training data 
and the remaining data sets were considered as testing data. 
 
 





3.2.2 Generalized Description of NN 
The NN architectures consists of three layers, illustrated in Figure 18. They are: 
Input layers: A layer of nodes that passes raw data to the network for processing, which 
receives this information from raw sources. Furthermore, the nature of the problem 
determines the nodes in the input layer.  
Hidden layer: A layer of nodes that are provided by information data of the input layer and 
passes this information to other hidden layer or to output layer within the system.  
Output layer: A layer of nodes that are provided by the processed data and feed it out to 
the backpropagation controller. 
Bias: The most important part in neural network structure is bias input because it supplies 
a threshold for the activation function of nodes which works on a node like an offset. The 
connection between the hidden and output nodes in a network is the bias. Processing 




























In this study, the mathematical formulation of neural network that predict 
equivalent mechanical properties which is given as a function of cellular properties 
parameters: 
Equivalent mechanical properties = 𝑓(𝐸, 𝜈, 𝑑, 𝑑/𝐿, 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦)                                      (1)   
where E and 𝜈 are the modulus of elasticity and Poisson’s ratio of the bulk material, 
respectively, and d and L are the strut diameter and unit cell length, respectively.  
This physical function is obtained using the weights of the trained of neural network gives 
as: 




 𝑛𝑒𝑡𝑗 : The sum weights vector (𝑗) neuron for the input data with 𝑛 neuron. 
𝑤𝑖𝑗 : The weight vector (𝑗) neuron to vector (𝑖) neuron in previous layer. 
𝑥𝑖 : The output of (𝑖)  neuron in the previous layer. 
𝑏𝑗: The threshold value of (𝑗)  neuron in the hidden layer.  
The output vector (𝑗)  neuron is determined as follows:  
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Figure 19. Schematic structure of artificial neuron 
 
3.2.3 The NN Model Used for This Study 
The design of the NN model used in this study is illustrated in Figure 20 and Figure 
23 for BCC and InsideBCC, respectively. The number of hidden layers and nodes in each 
hidden layer of the structural NN model are not achieved directly. No rules can be 
employed to estimate the exact number of hidden layer and nodes. So, the number of hidden 
layers and nodes are affected essentially by the network application. Many approximation 
problems can be solved sufficiently by using a single hidden layer. However, using two or 




rules that is used to select the number of nodes, the maximum error between the actual 
value (Target) and both training patterns and testing patterns (output NN) should be as 
small as possible.  
In addition, the number of iteration (Epochs) should be as less as possible too. 
Neural network approach is implemented as a one hidden layer model with an increase the 
number of nodes for each layer arrangement.  To improve the neural network performance 























Table 2 illustrates various significant algorithms that are used to test the NN [67]. 
The factors that dictate which algorithm is the best for a given problem are the intricacy of 
the problem, the number of training data set, the size of the matrix weights and biases, the 
maximum error between the actual data and prediction of NN, and the capability of NN to 
predict the pattern. 
Table 2. Various algorithms for NN model 
NO. Algorithm(acronym) Detailing 
1 Trainbfg (BFG) BFGS Quasi-Newton 
2      Trainrp (RP) Resilient Backpropagation 
3 Trainscg (SCG) Scaled Conjugate Gradient 
4 Trainlm (LM) Levenberg-Marquardt 
5 Traincgb (CGB) Conjugate Gradient Powell 
  
In this research, all the algorithms given in Table 2 are tested. Comparing different 
algorithms, for BCC configuration, the Resilient Backpropagation (trainrp) algorithm gives 
the best performance as the mean square error (MSE) is the least at a particular number of 
epochs (number of iteration), as shown in Figure 21  that minimum number of epoch is 











Figure 21. Convergence of NN results for train sets based on different algorithms for 
(BCC unit cell configuration) 
 
 
For InsideBCC configuration, the Levenberg-Marquardt (trainlm) algorithm gives 
the best performance as the mean square error (MSE) is the least at a particular number of 
epochs (number of iteration), as shown in Figure 22 that minimum number of epoch is 100 













Figure 22.  Convergence of NN results for train sets based on different algorithms for 



















3.2.4 Training and Testing Patterns Used  
One of the most sensitive elements in building a neural network model is dataset 
selection. The dataset that produces the neural network is divided into two subsets: a 
training data and a testing data. Both stability and precision of the neural network model 
depend on the training phase. In this research, the training data consists of orthotropic 
material training data sets explained next. The parameters represented by the input (training 
data ORTH) vector elements of raw material include elastic modulus (𝐸), Poisson’s 
ratio(𝜈), strut diameters (𝑑), the dimension of unit cell geometry(𝐿 = 𝑊 = 𝐻), and 
relative dimension(𝑑/𝐿). So, the total number of training input will be five parameters. 
The training output parameters of ORTH material are equivalent properties of BCC and 
InsideBCC lattice unit cells from FEA, which include Elastic modulus (𝐸𝑒) in x, y, and z 
direction, Poisson’s ratio (𝜐𝑒), and Shear modulus (𝐺𝑒). Table 3 shows the input/output 
parameters used in NN. The data that are used to train and test the NN for BCC are shown 



















Table 4. Input training data with E=861 MPa, and ν=0.35 
 
 
Table 5. Output training data of (BCC configuration) 
 
 
To demonstrate the accurate prediction of the equivalent mechanical properties 
































Chapter 4. Experimental Work  
 
4.1 Material Properties and Test Specimen  
The raw material that is used for all finite element simulations is Acrylonitrile 
Butadiene Styrene (ABS) supplied by Stratasys. The bulk material properties of ABS used 
in the FEA simulations of lattice unit cell (Figure 15, and 16) are given in Table 10. The 
data in Table 10 was previously measured from the standard compression (ASTM D695, 
ISO 604) and tension test (ASTM D882) by this group [16]. The compression and tension 
specimens were fabricated using a Stratasys uPrint SEplus 3D printer. The default 
temperature settings used for the model material were as follows. The printer head 
temperature of 300 ℃ and the chamber temperature of 77 ℃ were maintained. Layer 
thickness was set to 0.254 mm. The models were printed using the Stratasys standard sparse 
high-density fill patterns where the linear scan pattern is used to create fully dense solid 
structure.    
 






4.2  Experimental Procedure for BCC Lattice Structures  
To validate the BCC unit cell FEA and NN results, 25 mm x 25 mm x 20 mm LCS 
was 3D printed and tested under compression. For both configurations, the dimensions of 
a single unit cell are 5 mm x 5 mm x 5 mm with strut diameter of 1 mm. The model was 
first designed using the CAD software Solidworks (Figure 11a) and was saved in STL 
format. The .STL file was then processed with the 3D printer software Stratasys Catalyst.  
A fused deposition modeling (FDM) based 3D printer, Stratasys uPrint SE plus [68] was 
used to print the samples using default settings including 0.254 mm layer thickness and 
high sparse density. The material used to fabricate the specimens was an ivory-colored 
production-grade thermoplastic polymer ABSplus-P430. Three specimens were fabricated 
for the same model and the support material was removed from the printed samples using 
Stratasys cleaning apparatus, SCA, 1200HT parts [69]. The completed final sample for 
testing is shown in Figure 24.  
The compression test was conducted on the fabricated samples using a universal 
testing machine, Instron 5500R [70].  The BCC configuration which do not have any 
vertical bars obviously had a load at yield point less than the InsideBCC configuration. The 
maximum load is about 525 N, as illustrated in Figure 25. Also, the yield point is at a 
deformation of 0.9 mm. Load-displacement curve till the start of first layer failure for the 










































4.3 Experimental Procedure for InsideBCC Lattice Structures  
In this research, the micromechanics ABAQUS/CAE 6.17 was used to design all 
models for FE simulation [56], printing purposes, and implementing experimental tests. 
The micromechanics technique has more flexibility for creating hexahedral mesh elements 
to increase the accuracy of results. InsideBCC unit cell was designed by micromechanics 
ABAQUS, as illustrated in Figure 12. The dimensions of a single InsideBCC unit cell are 
5 mm × 5 mm × 5 mm with truss elements diameter of 1 mm. The overall dimensions to 
create the lattice structure of InsideBCC are 30 mm × 30mm × 20mm in x, y, and z-
directions respectively as shows in Figure 12b.  The configurations of InsideBCC 
geometry that were designed by micromechanics technique software are saved in 
STereoLithography (STL), which is a format used to define the sample geometry of a 3D 
printer software Stratasys Catalyst [71]. These samples were fabricated by Fused 
deposition modeling (FDM) based uPrint SE plus 3D printer using acrylonitrile butadiene 
styrene (ABS) material. Furthermore, the printer nozzle temperature of 300 ℃ and the 
chamber temperature of 77℃ were maintained which were used as default temperature 
settings for all the specimens that were printed. Three samples of combining lattice 
structure (InsideBCC) were fabricated to conduct the experimental quasi-static 
compression test for validation of the results obtained from both the FEA models of 
equivalent solid material and whole lattice structure. Those specimens were fabricated with 
support material, which was removed from them using Stratasys cleaning apparatus, SCA, 
1200HT [69]. In other words, the support material around and inside of the samples. The 
support material used to build the lattice cell structures with accurately and successfully. 




which is rely on the dimensions of the lattice. The mechanism, that it is used to remove the 
support material, is the chemical solution which dissolve the support material without 
effect on the model material.      
The quasi-static compression test was utilized to calculate material behaviors such 
as elastic limit, yield point, plateau region, and, for LS, failure progression under the 
compressive load. Typically, these various properties are determined and plotted as a load-
displacement characteristics curve. A universal testing machine, which is Instron 5500R, 
was used to conduct the compression test on the fabricated specimens of InsideBCC CLS 
with dimensions of 30 mm × 30 mm × 20 mm, consisting of 6 × 6 × 4 InsideBCC unit cells 
in x, y, and z direction respectively [68].  All the samples of polymer cellular structure 
were compressed by 10mm displacement with a constant displacement rate of 0.4 mm/ 
min.  A software Bluehill2®   connected with the Instron machine 5500R was used to 
collect the load-displacement data which was saved in Excel. The completed final 
specimen of InsideBCC for compression testing is illustrated in Figure 27.    
In the meanwhile, the compression test for InsideBCC configuration was conducted 
on the fabricated specimens by  using a universal testing machine, Instron 5500R [70].  The 
InsideBCC pattern which involving the vertical and horizontal bars obviously had a load 
at yield point more than the BCC geometry. The maximum load is about 4000 N, as 
illustrated in Figure 28. Load-displacement curve till the start of first layer failure for the 


























Figure 28. Stress-Strain curve of compression test for InsideBCC specimen 
 
 






Chapter 5. Finite Element Modeling of LCS and 
Equivalent Solid  
 
5.1  FEA Modeling of BCC Configuration  
Figure 30 shows the optimized discretized models of a 25 mm x 25 mm x 20 mm 
LCS with 5 mm x 5 mm x 5 mm unit cell having strut diameter of 1 mm (Figure 30a) and 
a 25 mm x 25 mm x 20 mm solid (Figure 30b). Both the LCS in Figure 30a and the 
equivalent solid in Figure 30b are modeled with hexagonal elements. After mesh 
sensitivity analysis, the number of elements for LCS is 339,360 whereas the number of 
elements for the equivalent solid model is about 100,000 (Figure 30). It is mentioned here 
that the minimum number of elements for the same lattice structure of dimension 25 mm x 
25 mm x 20 mm modeled using tetrahedral elements in reference was about 500,000 
elements. Furthermore, the time needed to create the mesh and seed part for LCS more than 








Figure 30. Full-FEA simulation for BCC (a) LCS; and (b) The equivalent solid 
 
The bulk material properties used for the LCS model are shown previously in Table 
10. For the equivalent solid model, the equivalent properties obtained from the unit cell FE 
(chapter 3) and shown in Table 4 and 5 for BCC and 6,7,8, and 9 for InsideBCC are used. 
To mimic the experimental boundary conditions, all degrees of freedom of the top and 
bottom faces are constrained by tying them to perfect rigid plates. A displacement load is 
applied in the downward direction. After the models are run, the reaction force on the 
bottom fixed are considered as load and the load-displacement curves for both the LCS and 









Figure 31. Comparison of the FE simulation of LCS, experiment test and equivalent 
solid model results for BCC configuration 
 
 
5.2  FEA Modeling of InsideBCC Configuration  
To demonstrate the performance of development of an elastic material model for 
InsideBCC lattice cell structures, two separate finite element models were developed under 
the compression load: one with 6 × 6 × 4 cell InsideBCC lattice structure and one entirely 
solid with equivalent unit cell properties, which are thereafter compared with experimental 
results. The raw material properties are adopted for the lattice cell structure simulation of 
the FE model which were shown previously in Table 10. 
Three specimens of InsideBCC LCSs were printed to conduct the experimental test for 
validation of the outcomes obtained from both the FE models of equivalent solid material 
and the entire lattice cell structure.  
To mimic precise boundary conditions of the experimental test, the top and bottom 




rigid plates for all degrees of freedom. In that manner, a displacement load is applied on 
the top face of the InsideBCC lattice structure model to move towards the bottom face. The 
stress-Strain curves for both the fully lattice structure and equivalent solid model are 
illustrated in Figure 33 inclusive of the experimental results.  
In this research, to address the challenges in large-scale detailed analyses of lattice 
structures, the optimized discretized model of an equivalent solid material model is 
proposed, aiming for the applications of engineering design, such as capability to analyze 
full scale and complex lattice structures. The optimized discretized simulations of a 30 
mm× 30 mm × 20 mm combining lattice structure with 5 mm× 5 mm × 5 mm unit cell 
having strut diameter of 1 mm (Figure 32a) and 30 mm× 30 mm × 20 mm equivalent solid 
material (Figure 32b) are illustrated in Figure 32. The heterogeneous lattice cell structure 
in Figure 32a and the equivalent solid material in Figure 32b are simulated with hexagonal 
elements using developing micromechanics technique of FEA. Interestingly, the study of 
mesh optimum sensitivity analysis shows the number of elements for heterogeneous lattice 
structure model is 345600 while the number of elements for the solid material model is 
144000, illustrated in Figure 32. In addition, the time required for that study to generate 
the mesh and seed part for the heterogeneous lattice structure model is about 12 hours 
without running the FE simulation while the time required for modelling solid material is 





Figure 32. Full-FEA simulation for InsideBCC (a) LCS; and (b) The equivalent solid 
 
In the same manner, the bulk material properties and geometrical parameters used 
for the LCS model are shown previously in Table 10. Whilst, the equivalent mechanical 
properties of a single unit cell are used for the equivalent solid model. To mimic the 
experimental boundary conditions, all degrees of freedom of the top and bottom faces are 
constrained by tying them to perfect rigid plates. A displacement load is applied in the 
downward direction. After the models are run, the reaction force on the bottom fixed are 
considered as load and the Stress-Strain curves for both the LCS and equivalent solid model 
















Figure 33. Comparison of the FEA simulation of LCS model, experimental test and 
equivalent solid model results for InsideBCC 
 
5.3  Equivalent Characteristics of BCC and InsideBCC Patterns    
Both the shear and compression FE models are run and stress-strain curves are 
plotted. Load is obtained from the reaction force as displacement is applied on the top plate. 
Stress is calculated by dividing load with area of a unit cell face L2. Strain is calculated 
from applied displacement divided by cell height L. Slopes of the stress-strain plots from 
the compression and shear models are elasticity modulus 𝐸𝑒 and shear modulus 𝐺𝑒 of the 
equivalent solid model, respectively. In addition, transverse displacement vs. longitudinal 
displacement is plotted from the compression model and Poisson’s ratio 𝜈𝑒is obtained from 






Variation of elasticity modulus 𝐸𝑒, Poisson’s ratio 𝜈𝑒, and shear modulus 𝐺𝑒 of 
BCC configuration, are shown in Figures 34, 35, and 36, respective. However, the 
variation of elasticity modulus 𝐸𝑒, and shear modulus 𝐺𝑒, Poisson’s ratio 𝜈𝑒 of InsideBCC 
geometry, are shown in Figures 37, 38, and 39, respective.  
 






Figure 35. Comparison of equivalent Poisson’s ratio from FEA and NN model for 
BCC  
 






Figure 37. Comparison of equivalent elastic moduli from FEA and NN model for 
InsideBCC 
 














Chapter 6. Results and Discussion  
6.1 The Results of BCC Configuration Models 
As the equivalent mechanical properties are obtained after training of NN using the 
outcomes of FEA model, the results of the NN model are supposed to approach that of 
finite element methods. Figures 34, 35, and 36 show elasticity modulus E, Poisson’s ratio 
, and shear modulus G, for BCC cell configurations respectively. The figures include both 
the lattice cell FEA results (indicated by solid lines) and the NN output or random tasting 
data (indicated by discrete points). It is clear that the random tasting NN data are in 
satisfactory agreement with the FEA results for all cases. Furthermore, it is clear from 
Figure 34 that the elastic modulus of BCC configuration increases when the aspect ratio 
d/L. Figure 35 illustrated the NN for randomly choosing of the test for Poisson’s ratio that 
matched well with FEA model (solid). It is observed that the Poisson’s ratio decreases with 
an increase in aspect ratio.  
Finally, Figure 36 shows the intelligent model NN for a random testing data of 
shear modulus at different d/L ratio that are in good agreement with the FEA simulation 
(solid curves). Like elastic modulus, the shear modulus also increases when the aspect ratio 
increases. In all cases, the NN model is examined with 1 and 2 hidden layers with an 




prediction increases for two hidden layers or more as a number of nodes for each layer 
increases. The outcomes demonstrate that the two hidden layer network accomplishes 
significantly better than the one hidden layer network. The optimum number of nodes in 
two hidden layers for NN that gives minimum mean square error (MSE) is 10:5 (10 nodes 
for the first hidden layer and 5 for the second hidden layer).  
As mentioned before that the complicacy of the problem lead to increase the 
number of nodes in each layer network. Studying various algorithms, the Resilient 
Backpropagation (trainrp) algorithm gives the best implementation as goal met MSE 
between the output of NN and the FEA results at least number of iterations. It is clear from 
statistical outcomes (R = 0.999) that the proposed neural network model accurately learned 
to map the relationship between the equivalent mechanical properties for orthotropic 
material of BCC unit cell and varying parameters. To validate the development of 
equivalent solid model methodology, two separate FEA models are developed for samples 
under compression: one with 5 x 5 x 4 cell BCC and one completely solid with equivalent 
solid with equivalent solid properties that are then compared with experimental results. The 
load-displacement plots obtained from the LCS FEA (blue solid circles), equivalent solid 
FEA (red solid circles) and experimental compression test of 3D printed LCS (black solid 
circles) are together shown in Figure 31. A good correlation among FEA simulation of 
LCS and the equivalent solid model, and experimental data is observed. It is thus concluded 
that the material model developed in this study for BCC LCS is acceptable. Thus, the 
equivalent solid FEA of a large-scale model for a lattice-based structure is able to capture 




time for the equivalent solid model is about 8 minutes compared with the FEA simulation 
time of the LCS, which is 48 hours.  
6.2 The Results of InsideBCC Configuration Models  
The higher computation time for the FEA of LCS is due to the complexity of the 
cellular configuration and is in agreement with previous study [16] [9] [20] [19]. To 
validate the development of equivalent solid model methodology, two separate FEA 
models are developed for samples under compression: one with 6 x 6 x 4 cell InsideBCC 
and one completely solid with equivalent solid with equivalent solid properties that are 
then compared with experimental results. The Stress-Strain plots obtained from the LCS 
FEA (Black solid circles), equivalent solid FEA (Blue solid circles) and experimental 
compression test of 3D printed LCS (Brawn solid circles) are together shown in Figure 33. 
A good correlation among FE simulation of LCS and the equivalent solid model, and 
experimental data is observed. It is thus concluded that the material model developed in 
this study for InsideBCC LCS is acceptable. Thus, the equivalent solid FEA of a large-
scale model for a lattice-based structure is able to capture the mechanical response of a 
lattice structure.  
For InsideBCC configuration, load-displacement data from three samples 
(experimental) were plotted in one diagram to investigate the specimen to specimen 
variation under the compression load. The stress-stain behavior of three InsideBCC 
samples is illustrated in Figure 28. In this research, the mechanical behavior of InsideBCC 
configuration under the compression load within the elastic limit is discussed. In other 




cell failure are not included in this study. Figure 29 shows the stress-strain behavior of 
three specimens of the InsideBCC till yield point.  
The equivalent mechanical characteristics are obtained after training of NN model 
by using the results of FE simulation, the outcomes of the NN model are supposed to 
approach that of finite element methods. Figures 37, 38, and 39 show elasticity modulus 
E, shear modulus G, and Poisson’s ratio , of InsideBCC cell patterns respectively. The 
figures include both the lattice cell FEA results (indicated by discrete points) and the NN 
output or random tasting data (indicated by discrete points). It is clear that the random 
tasting NN model data are in satisfactory agreement with the FE model results for all cases.  
6.3  Comparison Between Experimental and FEA Model 
To evince the implementation of the proposed equivalent solid material model 
method, two separate finite element models are developed for specimens under 
compression simulation. One of them is InsideBCC lattice structure model with the raw 
material properties and the other one is completely solid material model with equivalent 
properties of InsideBCC unit cell. The outcomes of both FE models (heterogeneous lattice 
structure model & equivalent solid material model) are validated with experimental result 
of 3D printed LCS. The stress-strain plots acquired from lattice cell structure of FEA (black 
solid circles), equivalent solid material (blue solid circles) and experimental test of 3D 
printed InsideBCC (brawn line) are compared with each other as shown in Figure 33. The 
proposed equivalent solid material (Figure 33) has the capability to capture the mechanical 
behavior of a large-scale heterogeneous lattice structure model. As it can be observed from 
Figure 33, there is a good agreement within the linear elastic limit among the results of the 




work. Accordingly, the equivalent solid material model for a lattice-based structure gives 
accurate and acceptable capturing for the mechanical behavior of a full-scale 
heterogeneous lattice structure. 
6.4 Comparison Between BCC LCS and InsideBCC CLCS    
For both BCC and InsideBCC configurations, load-displacement data from three 
samples for each configuration were plotted in one scheme to study the variation of 
compression behavior, which is illustrated in Figure 40. For BCC sample, maximum 
failure or peak load is about 500 N while InsideBCC sample is about 4000 N such that it 
can be concluded that the proposed model of heterogeneous lattice cell structures involving 
vertical and horizontal struts shows enormously higher stiffness and failure load than the 
BCC geometry.  
Additionally, from the area under the load-displacement curve, the strain energy 
absorption is lowest for BCC feature, while InsideBCC configuration has the largest one. 
Stiffness, failure load, and energy absorption for various parameters such as strut diameter, 
cell size, and processing factors will be further investigated by developing a surrogate 
model using intelligent method. The improved mechanical performance of the proposed 






Figure 40. Comparison of Load –displacement curves for BCC and InsideBCC 






Chapter 7. Conclusions and Future Work 
 
7.1 Summary and Remarks    
In this study, a NN algorithm is developed to find out equivalent material properties 
of equivalent orthotropic material with the help of the FEA of BCC unit cells. The NN is 
observed to be able to predict the equivalent solid properties of BCC lattice considerably 
well. Therefore, the neural network model of BCC configurations is very precise, swift and 
practical for use as compared to numerical FEA models. By using the equivalent material 
properties from NN, a larger and more complicated BCC LCS with any arbitrary cell size, 
strut diameter, and type of material can be computationally investigated using FEA with 
considerably less computational time. It is demonstrated that the computational time and 
analysis speed of lattice structure can be reduced from several hours to minutes. 
   In this work, presented a proof of developing an equivalent solid FEA model of a 
large-scale model for a Heterogeneous Lattice Cell Structures which developed a material 
model that is equivalent to the mechanical response of a lattice structure. As a result, the 
computational time and analysis speed of lattice structure have decreased from several 
hours to minutes and in excellent convention between the results. In this work, it become 





In this research, the equivalent solid material model has been developed such that 
the equivalent properties of heterogeneous unit cell configuration (InsideBCC) were used 
to handle the behavior of mechanical response of heterogeneous lattice structures involving 
vertical and horizontal struts for engineering design exploration. Consequently, the 
equivalent solid material model of InsideBCC configuration is very quick, accurate and 
practical comparing with a numerical model of the full-scale heterogeneous lattice 
structure. The mechanical performance of the proposed equivalent solid material was 
successfully demonstrated with both the basic unit cell (body centered cubic) BCC for prior 
study and heterogeneous unit cell (HLCS involving vertical and horizontal struts) 
InsideBCC for the current study. Therefore, developing an equivalent solid material not 
only demonstrates the computational time reduction from several days to few minutes but 
also provides an efficient analysis for FE simulation of combined lattice structure. Besides, 
one of the biggest challenges is to use FDM based on the 3DP technology to create the 
InsideBCC lattice structure with vertical and horizontal struts.  
A surrogate model will be developed to determine the equivalent material 
properties for larger and more complicated combining LCS, with any arbitrary cell size, 
strut diameter, and type of material, which can be computationally investigated using FE 








7.2 Graphical Abstract   
         In this graph, one case of BCC configuration illustrated in Figure 41. This graph 
shows the mechanism of this research and the methodology that applied.  
 
 
Figure 41. Graph abstract for one case of BCC configuration 
7.3   Future Work 
          The recommendation for future studies is the development of an equivalent material 
model for 3D-printed polymer lattice cell structures using numerical modeling and neural 
networks approach for the lattice-based seat-bottom frame for three different lattice cell 
types, which are: 
1- BCCZCross configuration as shown in Figure 42. 




          The surrogate model called "Kriging" can be used to predict the mechanical 
responses of these three types of the lattice cell frame design, depending  on the base data  
generated by combining two different unit cells.  
 
 
Figure 42. Combining BCCZCross unit cell geometry 
 
Also, in future work the surrogate models can be used in random data prediction 
and to evaluate the characteristics of a combined LCS design when actual properties are 
not available from either experimental or FEA method. Surrogate model based on Kriging 
method is applied to interpolate and extrapolate non-linear functions by approximating the 
mean squared error (MSE) as shown in Figure 43. 
Finally, the sub-modeling method can be used to predict the localized stress/strain 
within lattices in critical areas within large scale structures. In this case, the displacements 
at the sub-model boundaries can be obtained first from the full scale model executed using 
equivalent solid properties. Next, the displacements can be applied to the sub-model find 
out the localized stress/strain within the sub-model. Here the sub-model will have struts 



























The DACE model to a give set of design data and given regression 
and correlation models 
Evaluate the Model   
predictor 




Regression Models    
regpoly0, regpoly1, and regpoly2 
regpoly0 (Zero order polynomial), regpoly1 (First order 
polynomial), regpoly2 (Second order polynomial) 
 
Correlation Models    
correxp, correxpg, corrgauss, corrlin, corrspherical, and 
corrspline 
correxp (Exponential), correxpg (Generalized exponential), 
corrgauss (Gaussian), corrlin (Linear), corrspherical (Spherical), 
and corrspline (Cubic spline) 
 
Experimental Design    
gridsamp, lhsamp 
gridsamp (Design sites in a rectangular grid), 
lhsamp (Latin hypercube distributed random points) 
 
Data Set    
input set, output set 
input set: set of data from raw material 
output set: set of data from FEA 
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The following codes run the results of FE model to predict mechanical properties 
of BCC unit cell for several cases (different strut diameters and cell sizes). The input data 
of NN are bulk material properties and output data are equivalent solid mechanical 
properties. 


















% S: Total input data consists five input 16 set 
% Y: Total output data consists three output 16 set 
% first input: Elastic modulus (MPa) 
% second input: Poisson’s ratio  
% third input: Strut diameter (mm)  
% four input: Single unit cell size (mm) 
% five input: Aspect ratio (diameter strut / unit cell length) 
% first output: Equivalent Elastic modulus (MPa) 
% second input: Poisson’s ratio  
% third input: Equivalent shear modulus (MPa) 
%*******************************************************************
******* 























%targets so that they always fall within a specified range. 
[xn,s1]=mapminmax(S); 
[yn,s2]=mapminmax(Y); 
xtr=xn(:,1:10);% xtr be the input training data set 
ytr=yn(:,1:10);  %ytr be the output training set 
xts=xn(:,11:16); %xts be the input testing data set  
yetr=Y(:,1:10); %yetr actual output training data 






z=sim(net,xn); %Simulation: The function sim simulates a network 
% Convert these outputs back into the same units that were used for the 
% original targets,using 'reverse' 
y=mapminmax('reverse',z,s2); 
yftr=y(:,1:10);%yftr output training by NN model 
yfts=y(:,11:16); %yfts output testing by NN model (red) 
Err_tr=yftr-yetr;%Error between output traning by NN model and experimental 
Err_ts=yfts-yets;%Error between output testing by NN model and experimental 
mse_tr=mse(Err_tr);% Mean square error of traning data set 



























    [d(i),L(i),r(i)]=postreg(yetr,yftr); 
end 
 figure(2) 
for i=1:1  
   [d(i),L(i),r(i)]=postreg(yets,yfts);  
end 
















































% in: Total input data consists five input 24 set 
% ou: Total output data consists three output 24 set 
% first input : Elastic modulus (MPa) 
% second input: Poisson’s ratio  
% third input: Strut diameter (mm)  
% four input: Single unit cell size (mm) 
% five input: Aspect ratio (diameter strut / unit cell length) 
% first output: Equivalent Elastic modulus (MPa) 
% second input: Poisson’s ratio  
% third input: Equivalent shear modulus (MPa) 
%*******************************************************************
******* 
































%targets so that they always fall within a specified range. 
 [xn,s1]=mapminmax(in); 
[yn,s2]=mapminmax(ou); 
xtr=xn(:,1:18);% xtr be the input training data set 
ytr=yn(:,1:18);  %ytr be the output training set 
xts=xn(:,19:24); %xts be the input testing data set  
yetr=ou(:,1:18); %yetr actual output training data 






z=sim(net,xn); %Simulation: The function sim simulates a network 
% Convert these outputs back into the same units that were used for the 
% original targets,using 'reverse' 
y=mapminmax('reverse',z,s2); 
yftr=y(:,1:18);%yftr output training by NN model 
yfts=y(:,19:24); %yfts output testing by NN model (red) 
Err_tr=yftr-yetr;%Error between output traning by NN model and experimental 
Err_ts=yfts-yets;%Error between output testing by NN model and experimental 
mse_tr=mse(Err_tr);% Mean square error of traning data set 







    [d(i),L(i),r(i)]=postreg(yetr,yftr); 
end 
 figure(2) 
for i=1:1  
   [d(i),L(i),r(i)]=postreg(yets,yfts);  
end 







title('Equivalent Properties');legend('actual resultso','predicted results by NN model+'); 
grid; 
 
 
 
